Human emotional expressions, such as laughter, are argued to have their origins in ancestral nonhuman primate displays [1] [2] [3] [4] [5] [6] . To test this hypothesis, the current work examined the acoustics of tickle-induced vocalizations from infant and juvenile orangutans, gorillas, chimpanzees, and bonobos, as well as tickle-induced laughter produced by human infants. Resulting acoustic data were then coded as character states and submitted to quantitative phylogenetic analysis. Acoustic outcomes revealed both important similarities and differences among the five species. Furthermore, phylogenetic trees reconstructed from the acoustic data matched the well-established trees based on comparative genetics. Taken together, the results provide strong evidence that tickling-induced laughter is homologous in great apes and humans and support the more general postulation of phylogenetic continuity from nonhuman displays to human emotional expressions. Findings also show that distinctively human laughter characteristics such as predominantly regular, stable voicing and consistently egressive airflow are nonetheless traceable to characteristics of shared ancestors with great apes.
Results

Acoustic Approach
The current work examined the acoustics of tickle-induced vocalizations from 21 infant and juvenile orangutans (Pongo pygmaeus), gorillas (Gorilla gorilla), chimpanzees (Pan troglodytes), and bonobos (P. paniscus), as well as tickle-induced laughter produced by three human infants (see Figure 1 for representative spectrograms and Table S1 available online for subject and recording information). Tickle-induced vocalizations were also recorded from an individual lesser ape, a siamang (Symphalangus syndactylus). Figure 2 compares the acoustics of these vocalizations across humans and apes on each of the 11 acoustic measures of this study (defined in Table S2 ; see Figure 1 ). As might be expected, the siamang values were closer to those of the orangutans than to any other species. Humans produced significantly more voiced sounds (with regular vocal-fold vibration) than any other species (Figure 2A ). All three human participants exhibited predominantly such segments, whereas vocal-fold vibration patterns were overwhelmingly irregular and noisy among the great apes, with only one ape (a bonobo) emitting voiced sounds. Examining spectral-temporal patterning revealed that all species could emit calls with two or more vibration regimes (patterns of energy distribution over time) ( Figure 2F ). Humans produced more vibration regimes per call than did the apes, but the number of regimes were too low to be compared statistically. Statistical comparisons on other spectral variables showed no species-specific differences. Significant differences in temporal variables occurred only among the great apes. In comparison to orangutans, chimpanzees and bonobos exhibited shorter calls and intercall intervals ( Figures 2G and 2H ). Chimpanzees and bonobos also showed more calls per series than either gorillas or orangutans ( Figure 2I ). All species could emit two or more bouts per series ( Figure 2J ). Airflow results showed that all great apes produced both consecutive egressive calls (during exhalation phases) as well as alternating egressive-ingressive sounds (during exhalation-inhalation phases), with the latter being predominant in chimpanzees ( Figure 2K ). In contrast, humans emitted exclusively egressive laughter.
All great apes showed at least one instance of consecutive egressive tickle-induced calls lasting longer than 3 s. One gorilla and one bonobo even emitted consecutive egressive calls for stretches of more than 10 s (13.2 and 10.5, respectively), with expiration proportion of at least 0.66 and 0.80, respectively. The longest egressive call sequences of orangutans and chimpanzees lasted 4.2 s and 3.3 s, respectively.
Phylogenetic Approach
Phylogenetic trees reconstructed from the acoustic data are shown in Figure 3 and Figure S1 . Exhaustive search with orangutans as the outgroup resulted in a single maximumparsimony phylogram that placed humans closest to bonobos and chimpanzees and more distant from gorillas (treelength = 110; RI = 0.686; Figure S1A ). With the siamang as the outgroup the data produced essentially the same single tree, but with orangutans falling furthest from humans (treelength = 113; RI = 0.750; Figure 3A ). The similarity of these two phylograms lends credence to the overall approach and indicates that the more-inclusive reconstruction (siamang as outgroup; Figure 3 ) was most informative (see Experimental Procedures for information on outgroup selection). By additionally reconstructing cladograms with the bootstrap method, high bootstrap values (79%-97%) were obtained (see Figure 3B and Figure S1B ), indicating well-resolved topologies and strong support for the internal clades [7, 8] . Characters providing the strongest data fit to the phylogenetic trees with consistent directional changes along the clades (i.e., highest RI values) were vibration regimes per call, call duration, and calls per series (see Table S3 ). The reconstructed trees were robust and replicated the tree topology produced previously by genetic relationships among great apes and humans (e.g., [9, 10] ).
Discussion
Taken together, the acoustic and phylogenetic results provide clear evidence of a common evolutionary origin for ticklinginduced laughter in humans and tickling-induced vocalizations in great apes. Although most pronounced acoustic differences were found between humans and great apes, interspecific differences in vocal acoustics nonetheless supported a quantitatively derived phylogenetic tree that coincides with the well-established, genetically based relationship among these species. At a minimum, one can conclude that it is appropriate to consider ''laughter'' to be a cross-species phenomenon, and that it is therefore not anthropomorphic to use this term for tickling-induced vocalizations produced by the great apes. This term has been used in previous work on tickle-and play-related vocalizations in several nonhuman species (e.g., [11] [12] [13] ), and the current results provide clear support for such usage, at least as far as primates are concerned.
However, the results arguably compel much more substantive conclusions as well. For example, the acoustic variables found to most strongly distinguish humans and apes statistically (i.e., regular voicing and airflow direction) were not the characters showing the most consistent, directional change throughout the phylogenetic tree (i.e., vibration regimes per call, call duration, calls per series). In other words, the acoustic data supported at least two independent classifications-one based on general differences among all species, and one based on more extreme deviations occurring specifically in humans. A related point is that the two variables that did most clearly differentiate humans and apes also varied among the latter, but to a lesser degree. Thus, although orangutans and gorillas showed virtually no evidence of regular voicing, one of the bonobos did show this phenomenon. Regularity of vocal-fold vibration has also been found in previous work on chimpanzee laughter [14] . The data further indicate that an evidently ancestral condition included a mix of both egressive-ingressive and more consistently egressive laugh sounds, the former giving rise to characteristically alternating airflow in chimpanzee laughter and the latter to more purely egressive laughter in humans. These outcomes are inconsistent with Provine's [13] supposition that obligate alternating airflow represents the ancestral condition and is associated with an inherent neuromuscular constraint on ape vocalizations created by quadrupedalism.
We conclude that although tickling-induced human laughter, which is deeply grounded in human biology (e.g., [15] ), is acoustically and perceptually distinct from homologous great ape sounds [13] , the evolutionary changes occurred along existing dimensions of variation, rather than being de novo inventions. This inference is potentially significant for language evolution as well, because human speech is also marked by consistently regular vocal-fold vibration [16] and sustained, consistently egressive airflow [17, 18] . Although both aspects have been argued to be uniquely human traits [13, 16, 17 ], it appears unlikely that such is the case. Regular voicing has now been documented in a large number of nonhuman primate calls (e.g., [19] [20] [21] ). The present study found that gorillas and bonobos were able to sustain egressive airflow 3-4 times longer than the total likely duration of the normal breath cycle, which for comparison is approximately 3.1 s in human children [22] , while showing expiration proportions longer than the value of 0.61 reported for human children [22] . It is of course always difficult to determine whether changes such as the characteristic voicing and egressive airflow of human laughter represent adaptations or secondary outcomes of selection pressure on other traits, for example related to speech or other vocalizations. Nonetheless, the evidence unequivocally suggests a distinctive exaggeration of preexisting traits at some point after the divergence of hominins from a common ancestor with chimpanzees and bonobos, approximately 4.6 to 6.2 million years ago [23, 24] .
Parenthetically, we should note that factors such as the lower larynx position of humans relative to great apes [25] , body-size differences among the various species, and simple, within-species maturational effects do not readily account for the current results or associated theoretical interpretations. The most important differences noted here, for instance related to temporal organization and airflow, are unlikely to be importantly affected by changes in laryngeal position or body size. Vocal-fold response characteristics that bias their vibration toward more regular or noisier regimes could be so affected, but developmental observations suggest that this factor is also not important. Specifically, young humans like the ones recorded here appear much more likely than adults to display noisy vibration regimes that include ingressive sound production, as in high-arousal crying of typically developing infants [26, 27] . In other words, the consistently regular voicing that distinguished human laughter in the current study occurs routinely across the life-span, independent of significant changes in body size, vocal-fold size, and evident vocalfold response characteristics. Summarizing, the results suggest that the evolutionary origins of human laughter can be traced back at least 10 to 16 million years [24, 28] to the last common ancestor of humans and modern great apes (see Figure 4 for a model of laughter evolution). However, the origins may be even earlier, because the tickling-induced vocalizations from the individual siamang showed many similarities to orangutan laughter. Given the general trends uncovered, the primordial laughter sounds of this common ancestor were likely to be generally longer and slower than those of humans and extant great apes, included a smaller number of more uniformly noisy calls with fewer changes in vibration regimes, and showed both alternating and more consistently egressive airflow. Consistent with the postulate of gradual evolutionary change from nonhuman displays to human emotional expressions by Darwin [3] and others [1, 2, 4-6], analyses indicated both that there is significant acoustic variation in the tickle-induced laughter of great apes and that distinctive features of human laughter could have been shaped through selection and exaggeration of preexisting traits. The question left unaddressed is of course why those particular acoustic properties emerged, and what functions they may have served as laughter became a pervasive and characteristic component of human social communication.
Experimental Procedures
Data Collection Subjects were 22 infant and juvenile apes and 3 human infants (Table S1 ). The apes included 7 orangutans, 5 gorillas, 4 chimpanzees, 5 bonobos, and 1 siamang. All individuals were audio-recorded in their home facilities (or homes) while being tickled by familiar and mostly different humans, who were instructed to trigger tickle-induced vocalizations in the subjects as part of a playful social interaction, a method that has been effectively applied in a range of species [11] [12] [13] [14] (see Figure 1 for representative spectrograms). Subjects were primarily tickled on their palms, their feet, their necks, or in their armpits. Table S1 includes further information about subjects and recordings.
Acoustic Analysis
Acoustic analysis was conducted with ESPS/waves+ (''xwaves'') 5.3 software (Entropic Research Laboratory, Washington, DC). Calls were originally sampled at either 22,050 or 44,100 Hz and were standardized at the lower rate after conversion to ESPS format. Before analysis, all waveforms were subject to high-pass, 60 Hz filtering (removing any AC contamination) and centered around the zero-volt line (removing any DC offset). The amplitude of each file was then scaled relative to the full, 16-bit range. Finally, to ensure good recording quality in the final sample, the mean RMS amplitude of each call was compared to an adjacent, representative sample of background noise within the same file, and any sound for which this signal-to-noise ratio was less than 2 dB was excluded. The final sample included 829 calls. The phylogenetic emergence and modifications of laugh characteristics were reconstructed dating back to the last common ancestor of humans and extant great apes, around 10 to 16 million years ago [24, 28] .
The acoustic measurements used were ones that could be applied to each of the species, and that were deemed most likely to capture similarities and differences among the sounds based on earlier work [13, 14, 29] and on preliminary examination of all species' vocalizations. Resulting measures were designed to particularly capture three dimensions of potential interest, including degrees of regularity of vocal-fold vibration, temporal organization of sounds, and airflow direction. Calls, bouts, and bout series were characterized with a set of 11 acoustic variables (defined in Table S2 ), including six spectrally related measures applicable for both voiced and unvoiced sounds (percent voiced segments, call peak frequency, spectral slope, first spectral moment, second spectral moment, and number of vibration regimes per call), four temporally related measures (call duration, intercall interval, calls per series, and bouts per series), and one categorical airflow variable (percent bouts with alternating egressive-ingressive calls). A call was defined as a temporally continuous acoustic element with endpoints defined by an energy increase at the start and decrease at the finish. A bout was defined as consecutive calls with spectral-temporal energy patterns that were either the same or showing gradual changes consistent with the vocal-folds not bifurcating to a qualitatively different vibration regime [30, 31] . A bout series then consisted of consecutive bouts spaced at intervals of less than 1 s. Measurements were made with displays that could as needed combine waveforms, narrowband spectrograms (40 ms Hanning window), spectral slices extracted from those spectrograms, and wideband spectrograms (8 ms Hanning window). Spectral slices and spectrograms were computed with full preemphasis.
One researcher first performed all measurements, and a second then independently repeated the particular measures in which human judgement might affect the outcome (voiced segments, vibration regimes per call, calls per series, bouts per series, and alternating egressive-ingressive bouts). Interobserver reliability was gauged with Cohen's kappa, and resulting values are in Table S2 . For each measure, medians (if n % 5) or means (if n > 5) were first calculated by subject across all calls of each bout, then all bouts of each bout series, followed by calculating only medians across all bout series. Outcomes for ape subjects were compared both across species and to humans with chi-square (nominal data) and Kruskal-Wallis (ordinal data) tests. Post-hoc comparisons for the two data types were conducted with chi-square and Mann-Whitney U tests, respectively. HommelHochberg corrections were applied to adjust a levels as needed for repeated comparisons. Finally, to capture any evidence of potential flexibility in airflow direction, instances of continuously egressive call sequences within a series were tallied for each individual. The longest duration of each egressive call sequence (from start of first call to end of last call) was then calculated for each species, as well as the expiration proportion associated with this sequence (the cumulative duration of egressive calls divided by the duration of the sequence).
Phylogenetic Analyses
Phylogenetic analyses were performed to reconstruct possible evolutionary trees based on the acoustic data of the study species with PAUP* 4.0 software (Sinauer Associates, Sunderland, MA). Although vocal behavior is often analyzed as part of understanding primate phylogenetic relationships (e.g., [20, 32] ), our approach was critically different, namely the use of the already well-established phylogeny of humans and great apes as a reference in interpreting any phylogenetic relationships potentially found among their ticking-induced vocalizations. In these analyses, measured variables (i.e., characters) were first coded as character state values, followed by reconstructing the possible phylogenetic trees.
Acoustic values were averaged by subject in form of means and then standardized with log(x+1) transformations [33] . Based on these transformed values, species medians were calculated for each variable and coded as character states ranging from 0 to 9 (a total of 10 states) via Thiele's [33] gap-weighting method. The gap-weighting method weighs gaps between coded states of species by giving larger weights to larger differences in trait values [33] . Trait values of largest difference, i.e., the smallest and highest values of a trait, were first coded as character states 0 and 9, combined indicating the largest gap. The remaining values of the trait were then coded as states between 0 and 9, with dependence on the distances to the smallest and highest trait values.
Trees were then reconstructed and rooted with a preselected, outgroup species. Exhaustive search was applied to obtain the best data fit of all possible trees (e.g., [34] ) by using the maximum-parsimony method to find the tree of fewest character state changes, meaning shortest treelength (e.g., [35] ). Bootstrap analysis was then performed to test the robustness [7] of each candidate clade (an ancestor and its descendants) by reconstructing an additional tree as a consensus of 10,000 newly generated replicates. For each replicate, one randomly selected character was deleted while one randomly selected character was added [7] . Confidence (bootstrap) values represented the proportion of clades recovered in all replicates [7] . In this analysis, the bootstrap value associated with a given clade is the percentage of replicate trees in which it appears, and only clades with bootstrap values equalling or exceeding 50% were retained (50% majority rule). Clades with bootstrap values of 70% or higher are defined as well-supported [8] .
The character fit to the most parsimonious tree(s) was measured by the retention index (RI) [36] , which reflects the number of collectively derived character states [37] . The RI index is defined as (g 2 s)/(g 2 m) , where s is the number of steps a character requires in a specific tree, g is the maximum number of steps a character requires in any tree, and m is the minimum number of steps a character requires in any tree [37] . An RI value of 1 indicates the absence of homoplasy, which occurs when character states evolve more than once. As the amount of homoplasy increases, associated RI values approach 0. High RI values are thus indicative of consistent, directional character state changes along the clades and strong data fit to the tree(s). Characters without RI values are parsimony uninformative and show a maximum of one ingroup species with a character state different from the other ingroup species. It is therefore possible for parsimony-uninformative characters to become parsimony-informative when adding taxonomic units to the data set.
Analyses were conducted twice, first with the seven orangutan subjects as the outgroup and gorillas, chimpanzees, bonobos, and humans as the ingroup, and then with the single siamang subject as the outgroup, with orangutans, gorillas, chimpanzees, bonobos, and humans making up the ingroup. The rationale was that finding the same topology in each case would increase confidence in the reliability of the phylogenetic results, particularly if adding orangutans to the ingroup and with the siamang as the outgroup in the second analysis confirmed and extended the first, less-inclusive reconstruction.
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